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Abstract 

In this article, we study the vector meson transitions among the charmonium and bottomo- 
nium states with the heavy quark effective theory in an systematic way, and make predictions 
for the ratios among the vector meson decay widths of a special multiplet to another multiplet. 
The predictions can be confronted with the experimental data in the future. 
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1 Introduction 

In 2003, the CLEO collaboration observed a significant signal for the transition T(3S) — > 7wT(lS), 
which is consistent with the radiative decays T(3S) -> 7x61, 2(2P) followed by the hadronic decays 
Xbi,2(2P) ^ wT(lS). The branching ratios are Br(xf,i(2P) ^ wT(lS)) = (l-63t^ i^'^tg i^) % and 
Br (x;,2(2P) ^ o.T(lS)) = (1.10±;;:^^±S]:1J) %, respectively [J. 

In 2004, the Belle collaboration observed a strong near-threshold enhancement in the loJ /i) 
invariant mass distribution in the exclusive B — )■ KujJ/ij} decays, the enhancement has a mass of 
(3943 ± 11 ± 13) MeV and a total width of (87 ± 22 ± 26) MeV g]. Later, the Babar collaboration 
confirmed the y(3940) in the exclusive decays 5"-+ — ^ J/ipLuK'^''^ , the measured mass and width 
are (3914.6l3;4 ± 2.0) MeV and (34l8^ ± 5) MeV, respectively [3l. In 2009, the Belle collaboration 
reported the observation of a significant enhancement with the mass (3915 ± 3 ± 2) MeV and total 
width (17 ± 10 ±3) MeV respectively in the process 77 — >■ ojJ/ip [4], these values are consistent 
with that of the r(3940). The updated values of the mass (3919.ll3;5 ± 2.0) MeV and total width 
(3113" ± 5) MeV from the Babar collaboration are also consistent with the old ones [5]. 

In 2009, the CDF collaboration observed a narrow structure y(4140) near the J/ip(j) thresh- 
old with a statistical significance in excess of 3.8 ct in the exclusive B — >■ J/ip(j)K decays pro- 
duced in pp collisions j6_. The measured mass and width are (4143.0 ± 2.9 ± 1.2) MeV and 
(ll.7j^5;Q ± 3.7) MeV, respectively [5]. The Belle collaboration measured the process 77 (j^J/i^ 
for the J/^4> invariant mass distributions, and observed a narrow peak X(4350) with a signif- 
icance of 3.2(7, and no signal for the y(4140) — J /i'4> structure was observed [?]• Recently, 
the CDF collaboration confirmed the y(4140) in the B^ — > J/^jj(j)K^ decays with a statisti- 
cal significance greater than 5 a, the measured mass and width arc (4143.4^3:^; ± 0.6) MeV and 
(I5.3t6''i'* ± 2.5) MeV, respectively [8]. 

We can take the F(4140) as an exotic hybrid charmonium [9] and the F(3940) as the Xci(2P) 
state 10 tentatively. The Xci(2P) state has the dominant decay mode DD* and a predicted width 
of 140 MeV, which is consistent with that of the F(3940) within the theoretical and experimental 
uncertainties [10]. On the other hand, the decay y(3940) — > DD* has not been observed yet, 
which disfavors such identification. There have been several other identifications for the y(4140) 
(the molecular state [TTl [T^] , the tetraquark state [13] , the re-scattering effect [2] , etc) and the 
y(3940) (the tetraquark state [TS], the molecular state [111111], etc). 

If the F(3940) is really the Xci(2P) state, the 2P charmonium and bottomonium states have 
similar Okubo-Zweig-Iizuka suppressed decays. Experimentally, there is another Xci(2P) candi- 
date, the X(3872) [17], which was observed in the J/i/jtt^tt~ invariant mass distribution by the 
Belle collaboration [TF, and confirmed by the DO, CDF and Babar collaborations [19]. If we take 
the y(3940) as the Xci(2P) state, the X{3872) has to be assigned to the molecular state [20] [2T|. 
the hybrid state [5D], (not) the tetraquark state ([H]) [TSJUS], the threshold cusp [H], (not) the 
Xci(2P) state with some DD* + DD* component (^F) etc. 

In the past years, a number of charmonium-likc states besides the y(3940), F(4140), X{3872) 
have been discovered, and many possible assignments for those states have been suggested, such 
as the conventional charmonium states, the multiquark states (irrespective of the molecule type 



and the diquark-antidiquark type), the hybrid states, the baryonium states, the threshold effects, 
etc [27]. In this article, we focus on the traditional charmonium and bottomonium scenario, and 
do not mean such assignments are correct and exclude other possibilities. 

In Ref . |28j . Voloshin assumes that the hadronic decays X6i,2(2P) — ?► a;T(lS) take place through 
the chromo-electric gluon fields E'^, 

{L^mdabcJ nqi,q2,qzW{qi)-E\q2)E-{q^)5\qi+q2+qz-p)dqidq2dq^\Q)^A^t', (1) 

where p ~ (mtj,0), the e* stands for the polarization vector of the uj meson, the dabc are the 
symmetric SU{3) constants, and the f{qi,q2,q3) is a totally symmetric form-factor. 

The bottomonium state can emit three gluons in the 1 channels, then the three gluons 
hadronize to the vector meson lo or </>, and the bottomonium state translates to another bottomo- 
nium state subsequently. The chromo-electric and chromo-magnetic gluon fields i?" and have 
the quantum numbers J^^ = 1 and 1"' , respectively. The chromo-magnetic gluon fields B"" 
are related to the heavy quark spin-flipped transitions, and suppressed by the factors I/ttiq with 
n > 1. The dominant contributions of the three gluons to the light vector mesons come from the 
three chromo-electric flelds with the special configuration dabcE"" -E^ E'^. We can integrate out 
the intermediate gluons, and obtain the effective Lagrangians, which should obey the heavy quark 
symmetry. 

If the initial and final heavy quarkonium states have large energy gaps, the emissions of three 
energic gluons are greatly facilitated in the phase space and the corresponding decay widths may be 
large, although such processes are Okubo-Zweig-Iizuka suppressed in the flavor space and the strong 
coupling constant \gs \ has smaller value due to the larger energy scale. On the other hand, if the a; 
and (f) transitions are kinematically suppressed in the phase space, the branching ratios may be very 
small. The gluons are electro-neutral, the couplings of the special conflguration dabcE"" ■ E'' E'^ to 
the photons are supposed to be very small and can be neglected. The radiative transitions among 
the heavy quarkonium states can take place through the emissions of photons from the heavy 
quarks directly. The dynamics which govern the transitions to the light vector mesons (through 
three gluons) and to the photons are different. The hadronic decays Xbi,2(2P) — > wT(lS) also 
receive contributions from the virtual photons through the vector meson dominance mechanism. 
In the effective Lagrangians at the hadronic level, we do not need to distinguish the virtual photon 
and three-gluon contributions, which means the coupling constants in the effective Lagrangians 
contain contributions from both the electromagnetic and strong interactions. 

The Okubo-Zweig-Iizuka suppressed decays can take place through the final-state re-scattering 
mechanism, for example, 

X62(2P) + gg ^ B*(B)+S*(B)^T(lS)+c^, 

Xbi{2V) + qq ^ B*{B) + B{B*)^T{l^)+uj. (2) 

If the masses of the initial heavy quarkonium states are above or near the thresholds of the open- 
charmed or open-bottom meson pairs, the transitions to the intermediate open-heavy mesons are 
facilitated, there are additional contributions from the final-state re-scattering mechanism. The 
contributions from the intermediate open-charmed or open-bottom meson loops are not necessary 
large compared with the tree level contributions. In Ref. [29] . Guo et al perform systematic studies 
about the effects of the intermediate charmed meson loops in the tt'^ and 77 transitions among the 
charmonia. On the other hand, the intermediate meson loops can result in mass shifts, continuum 
components and mixing amplitudes for the conventional heavy quarkonium states [30] . the B* B* , 
BB, B*B and BB* components can also result in the final-state T(lS)w through the exchange of 
the intermediate B (or B*) meson. In such processes, the fusion of the open- heavy meson pairs 
can result in a light vector meson or a photon, the corresponding contributions are related with 
each other through the approximated vector-meson dominance. 

We can carry out the integral of the intermediate meson-loops firstly, then parameterize the 
net effects by some momentum-dependent couplings of the Xb'^^ or XcJ/ip^- Here we prefer 
phenomenological analysis, and do not intend to obtain effective field theory, and do not separate 
the energy scales of the revelent degrees of freedom explicitly so as to integrate out some of them 
in an systematic way. The momenta of the final states in the center of mass coordinate are about 



vector meson lo is not energic. If we smear the momentum-dependence of the coupUng constants, 
we can obtain an simple Lagrangian, which describes the Okubo-Zweig-Iizuka suppressed a; or 
transitions among the heavy quarkonium states, and should obey the heavy quark symmetry. 

In Ref.[31). we focus on the traditional charmonium and bottomonium scenario and study 
the radiative transitions among the charmonium and bottomonium states with the heavy quark 
effective theory systematically. The charmonium and bottomonium states are heavy quarkonium 
states, the heavy quark symmetry can put powerful constraints in diagnosing their natures. In 
this article, we extend our previous works to study the vector-meson transitions among the heavy 
quarkonium states based on the heavy quark effective theory f32l |33] . 

There are a number of unknown parameters which determine the magnitudes of the scattering 
amplitudes in the multipole expansion in QCD and the final-state re-scatterings mechanism. It is 
very difficult to distinguish the contributions of the three-gluon emissions from that of the open- 
heavy mesons re-scatterings quantitatively without enough precise experimental data to fitting. In 
this article, we smear the underlying dynamical details, introduce momentum-independent coupling 
constants, and make estimations based on the heavy quark symmetry. 

The article is arranged as follows: we study the vector meson transitions among the heavy 
quarkonium states with the heavy quark effective theory in Sect. 2; in Sect. 3, we present the nu- 
merical results and discussions; and Sect. 4 is reserved for our conclusions. 

2 The vector meson transitions among the heavy quarko- 
nium states 

The heavy quarkonium states can be classified according to the notation n^*+^Lj, where the n is 
the radial quantum number, the L is the orbital angular momentum, the s is the spin, and the 
j is the total angular momentum. They have the parity and charge conjugation P — (—1)^+-'^ 
and C = (—1)^+**, respectively. In the non-relativistic potential quark models, the wave-functions 
ip{r,0,ip) of the heavy quarkonium states can be written as RnL{r)YL„i{0, ^p) in the spherical 
coordinates, where the RnLif) sue the radial wave-functions and the YLrn{4>TV) the spherical 
harmonic functions. The states have the same radial quantum number n and orbital momentum 
L can be expressed by the superfields J{n), J^{n), J'^'^{n), etc [34] . 
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where the denotes the four velocity associated to the superfields. The superfields J, J^, J^" are 
functions of the radial quantum numbers n, the fields in a definite superfield have the same n, and 
form a multiplet. Here (and subsequential) we write down the bottomonium states explicitly, and 
smear the radial numbers n in the fields for simplicity, the corresponding ones for the charmonium 

^2 

with a factor ^J Mr-^ , -y/MrT, y/Mr, ^ Af-^^ , • • • , and they have dimension 



states are obtained with an simple replacement. We multiply the bottomonium fields T^j^^,, i^^, 

T J? 

of mass |. 

The superfields J'^i - a'^- are completely symmetric, traceless and orthogonal to the velocity, 
furthermore, they have the following properties under the parity, charge conjunction, heavy quark 



spin transformations, 
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where S, S' e SC/ (2) heavy quark spin symmetry groups, and [S, f] — [S' , f] = 0. 

The vector meson transitions between the m and n heavy quarkonium states can be described 
by the following Lagrangians, 

Css = ^^(m,n)Tr[J(mK,J(n)]F'^^ 

m , n 

Csp = ^ 5(m, n)Tr [J(m)J^(n) + J^(n)J(m)] y'^, 

CPD = ^^(m,n)Tr[V(m)J'^H + J^WVM] 1/^, (5) 



m.n 



where J^i...^^ = l°Jl,...f,^l°, V^" = F^'''Vv, F^^, = \/2 (9^^;, - d^uj^) + {d^ct)^ - d^cj)^), and the 
(5(m, n) is the coupling constant. The present Lagrangians are analogous to the Lagrangians which 
describe the radiative transitions between the m and n heavy quarkonium states [32l |31] |35] . 
The Lagrangians Lsp and Lpo preserve parity, charge conjugation, gauge invariance and heavy 
quark spin symmetry, while the Lagrangian £55 violates the heavy quark symmetry. The effective 
Lagrangians Csp and Cpo describing the electric dipole i?i-like transitions can be realized in the 
leading order 0(1), while the heavy quark spin violation effective Lagrangian Css describing the 
magnetic dipole il/i-like transitions can be realized in the next-to- leading order ©(l/mg). In the 
heavy quark limit, the contributions of the order ©(l/mg) are greatly suppressed, and we expect 
that the flavor and spin violation corrections of the order ©(l/mg) to the effective Lagrangians 
Csp and CpD are smaller than (or not as large as) the leading order contributions. 

From the heavy quark effective Lagrangians CsSi Csp and Cpo, we can obtain the vector 
meson decay widths F, 

where the T denotes the scattering amplitude, the ky is the momentum of the final states in the 
center of mass coordinate, the ^ denotes the sum of all the polarization vectors, the j is the 
total angular momentum of the initial state, and the M is the mass of the initial state. The 
summation of the polarization vectors e^(A,p), efj,u{X,p), t^up{X,p) of the states with the total 
angular momentum j = 1,2,3 respectively results in the following three formulae, 

, - ~ - _ I P^Pt- 

A ^ 

e^iiyCa/S — 2 3 ' 

■7 {gt^agi^pgpT + gtiag,^Tgpp + g^pguagpr + gtipgiyrgpa + gprgi^agp/s + gtirgiypgpa) 

I ,^ ^ ^ ^ ^ ^ 

—77 \9pagvpg0T + gppgvpgar + 

+gpagpugpT + gppgtiygar + gprgpugap) , (7) 

and we use the FeynCalc to carry out the contractions of the Lorentz indexes. 



3 Numerical Results 



The heavy quarkonium states listed in the Review of Particle Physics are far from complete and 



states /ib(lP) and /if,(2P) in the scattering e+e /ib(nP)7r+7r with significances of 5.5 u and 
11.2 a, respectively |37]. The measured masses are M,jj_(ip) = (9898.25 ± 1.06;j;o7) MeV and 
Mhb{2P) = (10259.76 ± 0.64^103) MeV, respectively. There have been several theoretical works 
on the spectroscopy of the charmonium and bottomonium states, such as the relativized potential 
model (Godfrey-Isgur model) [38l|39], the Cornell potential model, the logarithmic potential model, 
the power-law potential model, the QCD-motivated potential model [401 ST], the relativistic quark 
model based on a quasipotential approach in QCD [42], the Cornell potential model combined 
with heavy quark mass expansion [43] , the screened potential model 04] |45] , the potential non- 
relativistic QCD model [3^, the confining potential model with the Bethe-Salpeter equation [57], 
etc. 

In Tables 1-2, we list the experimental values of the charmonium and bottomonium states 
compared with some theoretical predictions [SS] [371 [351 IMl SH SS]- For the newly-observed 
charmonium-like states, there are hot controversies about their natures, and we focus on the 
traditional charmonium scenario, although such identifications are not superior to others. One can 
consult Refs. [27l l3T] for detailed discussions. 

We calculate the vector meson decay widths T using the FeynCalc to carry out the contractions 
of the Lorentz indexes in the summation of the polarization vectors. In calculations, the masses of 
the charmonium and bottomonium states are taken as the experimental values from the Particle 
Data Group |36j, see Tables 1-2; for the unobserved charmonium and bottomonium states, we take 
the values from the screened potential model [Hj US] . 

The numerical values of the vector meson transition widths are presented in Tables 3-11, where 
we retain the unknown coupling constants S(rn,n) among the multiplets of the radial quantum 
numbers m and n. In general, we expect to fit the parameters S(m, n) to the precise experimental 
data, however, in the present time the experimental data are rare. In Tables 3-4,12-18, we present 
the ratios of the vector meson decay widths among the charmonium (and bottomonium) states. 

In Ref.[28]. Voloshin observes that the ratio of the vector meson decay widths X6i,2(2P) — ^ 
T(lS)w can be approximated by the ratio of the S'-wave phase factor, 

r(x,2(2P)^T(lS)^) _ l4.,467^ r.^ 
rfei(2P)-.T(lS).) - (1-467), (8) 

where the value in the bracket is the theoretical prediction from the heavy quark effective theory. 
The agreement between the approximated experimental data and the theoretical calculation based 
on the heavy quark effective theory is rather good, and the heavy quark effective theory works 
rather well. The ratios presented in Tables 3-4,12-18 can be confronted with the experimental data 
in the future at the BESIII, KEK-B, RHIC, PANDA and LHCb, and put powerful constraints in 
identifying the X, Y , Z charmonium-like (or bottomonium-like) mesons. 

In this article, we do not distinguish between the contributions of the three-gluon emissions 
and the open-heavy mesons re-scatterings, smear the underlying dynamical details, and introduce 
momentum-independent coupling constants, which can be fitted to the precise experimental data 
in the future. There is a relative P-wave between the two final-state mesons, the decay widths 
F (X fcy, the uncertainties originate from the masses can be estimated as 

r ~ kl. ky ■ 

The masses of the light vector mesons listed in the Review of Particle Physics are A/^ — (1019. 455± 
0.020) MeV and M„ = (782.65 ± 0.12) MeV [SS], the uncertainties originate from the AM„/^ are 
tiny and can be safely neglected. In calculations, we observe that a larger ky results in a smaller 
uncertainty if the uncertainties of the masses of the heavy quarkonium states are fixed. For 
example, the ky in the transitions Xfci(2P) T(lS)w, x&2(2P) T(lS)a;, X6i(3P) T(1S)0, 
X62(3P) ^ T(1S)0, Xbi(3P) ^ T(lS)a; and X62(3P) ^ T(lS)a; are 135 MeV, 194MeV, 288 MeV, 
337 MeV, 683 MeV and 705 MeV, respectively, the uncertainty (0.26 MeV) of the Mx(is) results 
in uncertainties about 3.2%, 1.5%, 0.9%, 0.66%, 0.16% and 0.15%, respectively. We can obtain 
a qualitative estimation (large or small) about the uncertainties based on the values of the ky 
presented in Tables 3-11. In the case of large momentum transitions, for example, ky > 500 MeV, 
the uncertainties originate from the uncertainties of the heavy quarkonium masses are very small 
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Table 1: Experimental and theoretical mass spectrum of the charmonium states, where the unit is 
MeV. 
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Table 3: The ratios of the vector meson transitions of the 5-wave to the S-wave charmonium 
states, where the wide-hat denotes the corresponding ^ transitions. The units of the widths and 
the kv are S^{m,n) and MeV, respectively. 
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5S-^ IS 


0.924 [991] 


2.114 [838] 


2.287 


5S^2S 


0.317 [382] 


0.281 [127] 


0.886 


6S^ IS 


2.547 [1321] 


6.721 [1244] 


2.639 


6S^ IS 


1.248 [1174] 


3.255 [1085] 


2.609 


6S^2S 


0.655 [641] 


1.667 [575] 


2.545 


7S^ IS 


3.339 [1492] 


8.931 [1415] 


2.675 


7S-^ IS 


1.663 [1365] 


4.422 [1280] 


2.660 


7S^2S 


1.098 [868] 


2.921 [811] 


2.660 


7S-)-2S 


0.445 [609] 


1.096 [524] 


2.464 


7S^3S 


0.285 [349] 


0.604 [260] 


2.119 



Table 4: The ratios of the vector meson transitions of the S'-wave to the S'-wave bottomonium 
states, where the wide-hat denotes the corresponding </> transitions. The units of the widths and 
the kv are d'^{m,n) and MeV, respectively. 



r 


tp X2W [kv] 


■t/j xiw [kv] 


tjj xow [kv] 


rjc hcC^J [kv] 


4S^ IP 






1.668 [293] 




5S-^ IP 


9.712 [330] 


7.669 [415] 


3.747 [558] 


24.238 [432] 


6S^ IP 


26.341 [688] 


17.595 [739] 


7.056 [839] 


41.966 [641] 


6S ^ IP 


8.766 [379] 


6.705 [469] 


3.122 [620] 


11.381 [284] 


6S ^ 2P 






1.291 [228] 





Table 5: The widths of the vector meson transitions of the 5- wave to the P-wave charmonium 
states, where the wide-hat denotes the corresponding (p transitions. The units of the widths and 
the kv are 10~^5^{m,n) and MeV, respectively. 



r 


T -j> [kv] 


Xiw [kv] 


Tf" Xow [kv] 


rih -> hbU [kv] 


5S^ IP 


19.940 [519] 


13.014 [551] 


4.947 [602] 


30.350 [460] 


6S^ IP 


34.853 [743] 


22.122 [768] 


8.074 [810] 


63.730 [751] 


6S^ IP 


11.237 [409] 


7.631 [454] 


3.032 [523] 


21.044 [423] 


6S-^2P 






0.455 [75] 




7S IP 


55.030 [955] 


34.489 [977] 


12.319 [1015] 


99.640 [960] 


7S ^ IP 


23.994 [730] 


15.238 [759] 


5.563 [808] 


43.626 [736] 


7S 2P 


17.464 [471] 


11.186 [494] 


4.141 [533] 


31.230 [469] 



Table 6: The widths of the vector meson transitions of the 5- wave to the P-wave bottomonium 
states, where the wide-hat denotes the corresponding ^ transitions. The units of the widths and 
the kv are 10~^^^ (m,n) and MeV, respectively. 



r 


X2 [kv] 


Xi t/juj [kv] 


Xo V"^ [kv] 


he -J> r?cW [kv] 


2P ^ IS 


4.132 [251] 


3.413 [211] 




7.827 [436] 


3P ^ IS 


14.918 [681] 


13.788 [646] 


12.863 [619] 


17.935 [778] 


3P-)- IS 


5.076 [380] 


4.051 [310] 


3.183 [248] 


7.596 [542] 



Table 7: The widths of the vector meson transitions of the P-wave to the S-wave charmonium 
states, where the wide-hat denotes the corresponding (p transitions. The units of the widths and 

the kv are 10~^(5^(m, n) and MeV, respectively. 



r 


X2 Tw [kv] 


Xi ^ Tcj [kv] 


Xo Tw [kv] 


hb -J> ribuj [kv] 


2P-^ IS 


3.630 [194] 


2.475 [135] 




7.358 [361] 


3P ^ IS 


19.053 [705] 


18.105 [683] 


16.804 [653] 


22.599 [781] 


3P ^ IS 


5.369 [337] 


4.509 [288] 


3.109 [203] 


8.085 [478] 


4P ->■ IS 


34.608 [982] 


33.565 [966] 


31.897 [942] 


39.146 [1048] 


4P^- IS 


15.382 [767] 


14.770 [746] 


13.843 [714] 


17.981 [851] 


5P^ IS 


51.706 [1196] 


50.475 [1182] 


48.572 [1163] 


57.098 [1257] 


5P^ IS 


24.774 [1030] 


24.084 [1012] 


23.129 [990] 


27.711 [1100] 


5P-> 2S 


11.376 [501] 


10.621 [477] 


9.650 [444] 


12.787 [544] 



Table 8: The widths of the vector meson transitions of the P-wave to the S-wave bottomonium 
states, where the wide-hat denotes the corresponding ^ transitions. The units of the widths and 
the kv are 10~^(5^ (m,n) and MeV, respectively. 



r 


X2 T3W 


X2 -> T2W 


X2 


Xi T2CJ 


Xi Tw 


Xo Tcj 


hb r?2W 




[kv] 


[kv] 


[kv] 


[kv] 


[kv] 


[kv] 


[kv] 


5P ID 


5.196 


0.826 


0.075 


2.353 


1.448 


2.685 


5.378 




[197] 


[177; 


[■2:v>] 


[104] 


[185] 


[88] 


[17:-!] 



Table 9: The widths of the vector meson transitions of the P-wave to the D-wave bottomonium 
states. The units of the widths and the kv are 10~^6^{m,n) and MeV, respectively. 



r 


V'3 X2W 


V'2 X2W 


V'2 XlW 


■0 -> X2W 




ip xow 


772 -> /icW 




[kv] 


[kv] 


[kv] 


[kv] 


[kv] 


[kv] 


[fcy] 


3D -s- IP 






2.603 


0.077 


2.147 


4.970 


2.480 








[209] 


[169] 


[299] 


[472] 


[152] 



Table 10: The widths of the vector meson transitions of the D-wavc to the P-wavc charmonium 



i 


3 — ^ X2'^ 


f 2 — X2W 


f 2 — Xl'^ 


T X2'^ 


T — )• xiw 


f — Xow 


V2 — hbU! 




[kv] 


[kv] 


[fcy] 


[kv] 


[kv] 


[kv] 


[kv] 


3D IP 






0.390 






2.120 










[29] 






[203] 




4D IP 


13.116 


3.225 


10.464 


0.350 


5.699 


8.622 


13.705 




[553] 


[547] 


[577] 


[539] 


[569] 


[619] 


[570] 


5D IP 


24.166 


5.980 


18.855 


0.652 


10.341 


15.001 


24.841 




[807] 


[802] 


[826] 


[795] 


[820] 


[860] 


[820] 


5D IP 


8.999 


2.206 


7.244 


0.239 


3.935 


6.036 


9.466 




[518] 


[510] 


[547] 


[499] 


[538] 


[599] 


[539] 


5D -s- 2P 


2.999 


0.655 


2.817 


0.057 


1.400 


2.779 


3.498 




[161] 


[142] 


[199] 


[113] 


[179] 


[259] 


[186] 



Table 11: The widths of the vector meson transitions of the D-wave to the P-wave bottomonium 
states, where the wide-hat denotes the corresponding (j) transitions. The units of the widths and 
the kv are 10~^(5^ (m,n) and MeV, respectively. 



F 


1p -J> X2W 


tp -)> Xit^ 


tp -> Xow 


rjc hcUJ 


5S ^ IP 


1 


0.790 


0.386 


2.496 


6S ^ IP 


1 


0.668 


0.268 


1.593 


6S^ IP 


0.333 


0.255 


0.119 


0.432 



Table 12: The ratios of the vector meson transitions of the S'-wave to the P-wave charmonium 
states, where the wide- hat denotes the corresponding cj) transitions, P = p^^_^^^^^ . 



r 


T X2W 


T xicj 


T xow 


r]b hbU) 


5S^ IP 


1 


0.653 


0.248 


1.522 


6S IP 


1 


0.635 


0.232 


1.829 


6S-)- IP 


0.322 


0.219 


0.087 


0.604 


7S^ IP 


1 


0.627 


0.224 


1.811 


7S^ IP 


0.436 


0.277 


0.101 


0.793 


7S ->■ 2P 


1 


0.641 


0.237 


1.788 



Table 13: The ratios of the vector meson transitions of the S'-wave to the P-wave bottomonium 
states, where the wide-hat denotes the corresponding ^ transitions, F = y{t^x2'-') ' 



F 


X2 l/ji^ 


Xi ipuj 


Xo -tpt^ 


he rjcUJ 


2P^ IS 


1 


0.826 




1.894 


3P ^ IS 


1 


0.924 


0.862 


1.202 


3P-)- IS 


0.340 


0.272 


0.213 


0.509 



Table 14: The ratios of the vector meson transitions of the P-wave to the 5-wave charmonium 
states, where the wide-hat denotes the corresponding cp transitions, F = p^^^^^^^ . 



r 


X2 ^ 


Xi Tuj 




hb -> ribUJ 


2P IS 


1 


0.682 




2.027 


3P ^ IS 


1 


0.950 


0.882 


1.1 8() 


3P ^ IS 


0.282 


0.237 


0.163 


0.424 


4P ^ IS 


1 


0.970 


0.922 


1.131 


4P IS 


0.444 


0.427 


0.400 


0.520 


5P ^ IS 


1 


0.97() 


0.939 


1.104 


5P ^ IS 


0.479 


0.466 


0.447 


0.536 


5P->2S 


1 


0.934 


0.848 


1.124 



Table 15: The ratios of the vector meson transitions of the P-wave to the 5- wave bottomonium 
states, where the wide- hat denotes the corresponding (f> transitions, P — yjj^^^^TIo)- 



r 


X2 Tsw 


X2 T2W 


X2 Tw 


Xi -> T2W 


Xi Tui 


Xo Tw 


hb -> ??2W 


5P -s- ID 


1 


0.159 


0.014 


0.453 


0.279 


0.517 


1.035 



Table 16: The ratios of the vector meson transitions of the P-wave to the D-wave bottomonium 
states, r = r(x2^T3«)- 



r 


■03 X2W 


■02 X2W 


■02 Xl'^ 


tjj X2W 


■0 Xiw 


V' Xow 


772 /icW 


3D IP 






1 


0.030 


0.825 


1.910 


0.953 



Table 17: The ratios of the vector meson transitions of the D-wave to the P-wave charmonium 
states, r = r(V'2^xiw)- 



r 


T3 X2W 


T 2 X2W 


T2 xi^ 


T X2W 


T xi^ 


T xow 


772 /iftW 


3D ^ IP 






1 






5.435 




4D -> IP 


1 


0.246 


0.798 


0.027 


0.434 


0.657 


1.045 


5D ^ IP 


1 


0.247 


0.780 


0.027 


0.428 


0.621 


1.028 


5D ^ IP 


0.372 


0.091 


0.300 


0.010 


0.163 


0.250 


0.392 


5D ^ 2P 


1 


0.218 


0.939 


0.019 


0.467 


0.927 


1.166 



Table 18: The ratios of the vector meson transitions of the D-wave to the P-wave bottomonium 
states, where the wide-hat denotes the corresponding 4> transitions, P = r(T^^X2wy' ^^^^^ 
first line T = r . 



distort the ky significantly. On the other hand, we should take into account the mass uncertainties 
in the case of soft ky (about 200 MeV), where variations of the masses maybe result in considerable 
uncertainties. At the present time, the heavy quarkonium states listed in the Review of Particle 
Physics are far from complete and do not fill the spectroscopy, we have to take the masses from 
the quark models, where the uncertainties are usually neglected, detailed error analysis is beyond 
the present work. In this article, we have neglected the corrections from the terms ©(l/mg) and 
©(I/toq) for the Lagrangians £ss (as the spin- flipped Lagrangian Css is of order ©(l/mg)) and 
Csp, CpD respectively in the heavy quark effective theory, which maybe result in uncertainties 
larger that of the masses. 

4 Conclusion 

In this article, we study the vector meson transitions among the charmonium and bottomonium 
states with the heavy quark effective theory in an systematic way, and make predictions for ratios 
among the w and (j) decay widths of a special multiplet to another multiplet, where the unknown 
couple constants (5(to, n) are canceled out with each other. The predictions can be confronted with 
the experimental data in the future at the BESIII, KEK-B, RHIC, PANDA and LHCb, and put 
powerful constraints in identifying the X, Y, Z charmonium- like (or bottomonium-like) mesons. 
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